Vortex structures and Reynolds stresses around a flat paddle in a mixing vessel have been investigated experimentally by two-component LDV measurement. Phase-averaged mean velocity and Reynolds stresses were obtained to observe the relative relation between the vortical structures and momentum transport. Development of Reynolds shear stress can be recognized along with the separated shear layer released from a flat paddle. Discharge and inflow induced by the roll vortex affect the magnitude of Reynolds shear stress in the separated shear layer. A four-quadrant analysis was applied to find the turbulent motions contributing to the production of the Reynolds shear stress. Most of the Reynolds shear stresses were found to be produced by two turbulent motions, namely, inflow just behind the paddle and large-scale-motion passing from behind the paddle vertically. The two turbulent motions are closely associated with the roll vortex.
Introduction
Vortices and shear layers released from an impeller highly contribute to turbulent mixing in a stirred vessel. LDA velocity measurement synchronized with passing an impeller illustrated the concentration of vortices in the separated shear layer and the formation of roll vortex convection toward downstream with a trailing vortex. (1) In a stirred vessel combined with flat paddle impellers and baffles, which is often applied to relatively low viscosity fluids, (2) turbulence plays a dominant role in mixing. In general, the magnitude of the mixing can be quantitatively discussed in terms of Reynolds stresses involved in Reynolds equations of motion. Although knowledge of the Reynolds shear stresses are required for analysis of turbulent mixing properties, (3) few experimental data have been reported due to difficulties involved in velocity measurement in three-dimensional complex flow fields. (4) The dynamics of turbulence states that large-eddies associated with Reynolds stresses govern turbulent diffusion and energy dissipation. (5) It may be assumed that turbulent diffusion and dissipation attributed to the action of large eddies can be associated with homogenization and dispersion in the mixing flow fields. (6) In this case, the vorticity concentration in the separated shear layer and the roll vortex contribute to the diffusion and dissipation in evolutional processes of mean streamwise vorticity. (5) Examination of fluid rotation in momentum transport offers opportunity for the consideration of spin tensor effects in the turbulence modeling of the Reynolds stress tensor.
Since the separated shear layer and roll vortex are generated by the cyclic paddle passage, appropriate decomposition of physical quantities and the phase averaging method should be employed for the analysis of the flow field. Mahouast et al. (8) synchronized LDA measurement with paddle passage and reported the Reynolds stress distribution relative to the paddle of the disc turbine. They focused on the relation between the Reynolds stress and the corresponding rate of strain and determined that the eddy viscosity model is unable to be applied to discharge flow around the outer edge of the paddle. They attributed the failure of the eddy viscosity model to non-isotropy caused by large-scale eddies. Sharp-Adrian (9) obtained the statistics of small eddies near the paddle blade of a disc turbine in PIV measurement synchronized with disc rotation. The distributions of turbulent kinetic energy and Reynolds shear stress were given with respect to turbulent dissipation, but no physical relation was discussed among the turbulent quantities.
In the present experimental study, mean velocities and Reynolds stresses will be measured relative to the flat paddle by two-component LDA velocity measurement and phase averaging synchronized with paddle rotation. Conditional sampling analysis and flow visualization will be performed in order to examine the role of the roll vortex in the turbulent mixing process in a stirred vessel. Figure 1 shows an overview of the stirred vessel and the coordinate system, which is the same as that used in a previous experimental study. (1) The stirred vessel is constructed of a cylindrical acrylic pipe having a diameter of T = 490 mm and a height of H = T. Four baffles, each having a height of W b = T/10, are glued to the inside wall at 90 degree intervals. The top surface of the vessel is covered with a lid so that the non-slip boundary condition can be applied to the top surface and no bubbles are entrained into the liquid. For LDA measurement, the cylindrical acrylic vessel is placed in a square acrylic container filled with water. The four paddles are flat plates, each having a diameter of D = T/2 = 245 mm and a height of W = D/5, and are located at the center of the stirred vessel. The four stainless steel paddles, each having a thickness of 2 mm, were welded onto a hub having a diameter of 42 mm.
Experimental Equipment and Conditions

Stirred vessel and coordinate system
The present experiment employs a polar cylindrical coordinate in which r is the radial direction, θ is the circumferential direction, and z is the vertical direction. While θ defines the circumferential distance for observation from outside the vessel, the coordinate φ defines the circumferential distance relative to a flat paddle. If φ θ = at t = 0, a position θ corresponds toφ-360 nt, where t is the time and n is the number of revolutions. The coordinates are given as the following non-dimensional expressions:
/360), and z* = z /( Hc /2).
Experimental conditions and measurement system
The number of revolutions of the paddle impeller was constant at n = 2 rps throughout the experiment. The tip velocity of the blade was and angular resolution for phase averaging was set to 1º. According to Hussain et al., (10) the phase averages are defined as
The number of samples N was at least 3,000 in calculation. The phase-averaged velocities are normalized by the tip velocity
, and
The instantaneous velocity ṽ is expressed as the sum of phase-averaged and fluctuating velocity components v V + . Figure 2 shows the evolution of the phase-averaged circumferential velocity profile behind the lower edge of the flat paddle at three representative radial positions, * r = 0.490, 0.653, and 0.816. In order to visualize the velocity profiles observed from the rotational paddle, the velocity subtracted rotational speed from the phase-averaged circumferential velocity (12) can be applied to the relation between the phase-averaged velocity and the Reynolds shear stress field behind the mixing paddle. A detailed examination should be made of this relation considering the magnitudes of the velocity gradient and the Reynolds shear stress.
Results and Discussions
Mean velocity and Reynolds shear stress distributions immediately behind a flat paddle
The relation between the velocity gradient and the Reynolds shear stress will be examined using the mixing length theory: The hypothesis of the mixing length theory can be applied to two-dimensional flows, but not to three-dimensional flows, such as that in the present study. Consequently, the results can only measure the degree of correlation of the two quantities. The evolution of the mixing length normalized by the paddle height near the lower edge of the flat paddle is plotted at three representative radius positions. The mixing length increases in the downstream direction, as can be seen in the mixing shear layer. However, the mixing length is considerably longer for a certain circumferential range. In particular, the normalized mixing length scale L* at z 
has a considerably larger value. Mahouast et al. (8) reported the sign inconsistency for the Reynolds shear stress and corresponding rate of strain over the discharge area generated by a disc turbine. The inflow induced by the roll vortex into the rotational core region makes a considerably large contribution to the momentum transport immediately downstream of the mixing paddle. The maximum Reynolds shear stress may occur near the rotational fluid motion associated with the roll vortex.
Motions of fluid particles downstream of the mixing paddle
The Reynolds shear stress and fluid motions are thought to be induced by the roll vortex. Four quadrant analyses (13) were applied to distinguish and measure the quantitative contribution of several turbulent motions associated with the Reynolds shear stress. By introducing threshold value H th , Eq. (3) defines the contribution of each event from the four quadrants in the
where the intermittent detection function ) , , (
The subscript i denotes the quadrant number, θ
Contributions from the four quadrants are compared in circumferential positions for the larger mixing length Table 1 Fig. 8 . The relatively low mean frequency and large fractional contributions of the 9 th pattern suggest that the motions can be characterized by a rare higher-amplitude event.
On the other hand, the event in the 1 st pattern occurs frequently but has a low amplitude. Flow visualization using nylon particles and a laser light sheet ware conducted in order to find shear stress producing motions. Figure 9 shows a view perpendicular to the paddle impeller of a typical flow pattern. The paddle impeller is indicated by the white vertical line in the center of the photograph, and a schematic flow pattern can be seen in the right-hand side of the photograph. The roll vortex is generated just behind the paddle impeller, and downward large-scale motion appears to be induced by the roll vortex. The large-scale downward flow, which passes through the rotational core region, has a relatively low mean frequency equivalent to a few percent of the total time. From the quadrant analysis and flow visualization, the upward motion in the 1 st pattern is induced by the roll vortex and the downward motion in the 9 th pattern is a large-scale downward flow associated with the roll vortex. Note that the roll vortex is involved in the turbulent momentum transport in the separated shear layer released from the paddle impeller.
Conclusions
(1) Phase-averaged velocities of LDA measurement illustrates that the mean velocity and Reynolds shear stress fields evolve just as in the separated shear layer. Both events are associated with the roll vortex. 
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